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Time-resolved spectroscopic measurements were made on the intense plasma flash that accompanied a hypervelocity impact on 
“DebriSat” conducted in April 2014 at the Arnold Engineering Development Complex (AEDC) in Tennessee.  The DebriSat project was a 
unique hypervelocity event aimed at simulating an on-orbit destructive collision of a modern satellite with a hypervelocity projectile in a 
single strike. Collaborators on the project included NASA’s Orbital Debris Program Office at NASA Johnson Space Center (JSC), US Air 
Force Space and Missile Systems Center (SMC), The Aerospace Corporation, The University of Florida, and AEDC.  The primary 
hypervelocity test object, DebriSat, was a 56 kg structure representative of a modern LEO spacecraft, assembled at University of Florida 
following design guidance provided by Aerospace’s Concept Design Center. It comprised a hexagonal body with an arrangement of seven 
compartmentalized bays. The main panels and the structural ribs between the bays were constructed from Al 5052 honeycomb and carbon 
fiber composite face sheets. Each bay had a set of structures with components intended to represent those used in a modern satellite 
design.  The AEDC projectile was a 570 g nylon-aluminum cylinder travelling at 6.8 km/s. An analysis of the first several frames of the 
DebriSat flash shows that the rate of radial expansion of the plume decreased from 4750 m/s at t = 0 to 2250 m/s at t = 156 Ps. Time-
resolved spectral measurements were conducted on the plasma flash with multiple frames acquired with a 10 Ps gating interval.  
Numerous emission lines were observed and were consistent with the materials of structural components located in the specific bay of 
DebriSat that was impacted. A background was observed in all the spectral frames and could be fitted to a blackbody temperature of ~ 
2900 K. A detailed description of the plasma flash and its spectroscopic investigation is presented.  
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society 
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1. Introduction 
There are currently hundreds of thousands of objects greater than one centimeter in diameter in Earth’s orbit.  Space 
debris is an issue of increasing national, and international concern to space-faring nations.  In recent years the orbital debris 
environment has increasingly been impacted by random collisions that exponentially increase the number of tracked space 
objects and without technologies for removing objects from space there will be a point in the future when space debris 
fragmentation growth will make portions of the Earth’s orbital altitudes unusable, often referred to as the Kessler Syndrome 
[1].  A higher fidelity breakup model to describe the outcome of fragmentation events is therefore needed for orbital debris 
environment definition, establishing mitigating orbital disposal policy and reducing short- and long-term space environment 
impacts [2,3]. 
The chemistry, physics and spectral response of high-velocity low earth orbit (LEO) impacts is important to the 
fragmentation modelling, space debris policy, and space debris situational awareness communities. Laboratory-based 
satellite impact tests are necessary to characterize fragments and establish the size, mass, area-to-mass ratio, trajectories, 
shape, and composition of the debris fragments. One of the key experiments supporting the development of the NASA and 
DoD satellite breakup models was the Satellite Orbital Debris Characterization Impact Test (SOCIT) conducted in 1992.  
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Present day satellites incorporate many different technologies and materials from spacecraft designed over 40 years ago.  
The development of new materials for current satellites calls for additional laboratory tests to enhance breakup models.  
The DebriSat project was a unique event, the first such in 2 decades, aimed at simulating an on-orbit destructive collision 
of a modern satellite with a hypervelocity projectile in a single strike. This project was conducted in April 2014 at the 
Arnold Engineering Development Complex (AEDC) in Tennessee.  Collaborators on the project included NASA’s Orbital 
Debris Program Office at NASA Johnson Space Center (JSC), US Air Force Space and Missile Systems Center (SMC), The 
Aerospace Corporation, The University of Florida, and AEDC.  The key experiment in the DebriSat project was the 
hypervelocity impact test, where the amount of energy experienced during a typical impact between two orbiting objects is 
replicated on the ground.  Later, this will be combined with characterizing the size and shape distribution of the fragments 
resulting from the impact.  A number of other experiments were also conducted and these included characterization of the 
plasma flash, infrared measurements, and microscopic, chemical, and optical analyses of debris collected on witness plates. 
In addition to the fragmentation resulting from the collision, the hypervelocity impact was accompanied by an intense 
flash. Impact flashes have been previously studied at velocities ranging from 2 - 25 km/s [4-6]. The correlation between 
intensities of atomic lines in the impact flash from copper projectiles (2 - 5.5 km/s) on polycrystalline dolomite targets and 
the power of impact velocity was measured by Sugita [4].  Time-resolved spectral data have been reported from impacts at 
25 km/s with the Z-machine [5]. Electron temperatures were reported from impact experiments conducted by using a two-
stage light gas gun to accelerate aluminium spheres to 8 km/s [6]. The plasma flash, related material depositions, and small 
particles (< 1 mm) in LEO and GEO are of interest to the Space Situational Awareness (SSA) Community [7, 8]. This paper 
describes time-resolved spectroscopy that was conducted in the microsecond time regime on the plasma flash that resulted 
from the impact on DebriSat.  
2. Experimental Details 
The primary hypervelocity test object, DebriSat, was a 56 kg structure representative of a modern LEO spacecraft, 
assembled at University of Florida following design guidance provided by Aerospace’s Concept Design Center. The 
experiment was performed in the AEDC hypervelocity facility using their Range G light gas gun.  The chamber in which 
the impact occurred was a steel tube 10 feet in diameter, with a total length of a 925 feet. However, the section of the 
chamber that housed the DebriSat was 150 feet long. The walls were lined with foam catch panels to capture the fragments 
from the satellite following impact.   
The main body of DebriSat (Fig. 1 a) was hexagonal (50 cm high and 60 cm wide) with seven compartmentalized bays 
(6 in hexagonal symmetry and the 7th in the center).  
The AEDC projectile was a 0.570 kg hollow nylon-aluminum cylinder, with dimensions of 86 mm (diameter) and 90 mm 
(length), and with an impact speed of 6.8 km/s (Fig. 1b). All data presented here was measured from a single impact event 
between the projectile and the DebriSat target. 
(a)       (b)   
Fig. 1. (a) DebriSat with dimensions as indicated. The white circle is the field of view for the optical fiber which was 25 cm in diameter. The red dot is the 
actual location of the impact, (b) AEDC projectile with a six-inch ruler shown for comparison. The Al cap on left threads into the Al-nylon cylinder on 
right. Photographs (courtesy AEDC) 
 
The nadir and zenith panels of DebriSat were made of Al 6061, while the face panels and the structural ribs between the 
bays were constructed from Al 5052 honeycomb and carbon fiber/epoxy composite face sheets. Each bay had a set of 
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structures with components intended to represent those used in a modern satellite design. The specific bay (Bay 3) that was 
impacted consisted of glass and sapphire optics, stainless steel and copper solenoids, printed circuit boards, representative of 
electronics hardware, simulated Li-ion batteries which comprised Cu-polymer sheets, but had no Li or electrolyte, stainless 
steel fasteners and plumbing. Also included in the satellite structure were other materials such as Kevlar, polyurethane, and 
Mylar, one solar panel, and a composite overwrapped pressure vessel (COPV) tank that was pressurized to 2 Torr with air.  
Spectroscopic measurements were made using an intensified gated frame-transfer CCD camera (PIMAX EM) capable 
of acquiring 1040 frames, which was coupled to a spectrometer (ARC SP2300I) via a 3 m long optical fiber. Following a 
TTL trigger input supplied to the camera prior to the projectile reaching the target surface, the CCD was gated with a fixed 
gate width of 10 μs. Each gating event was followed by a fixed frame transfer time of 3 μs.  
Calibration of the CCD was achieved using the spectrometer and lines from a Hg pen lamp. For this experiment, a 150 
gr/mm grating was employed in order to capture the widest spectral bandwidth.  A ten-inch diameter (1-inch thick) fused 
silica window, at a height of 8-feet from the ground, served as the viewport for collecting light from the plasma flash. A 1’ x 
1’ optical breadboard was mounted in front of the viewport and served as a base for positioning an X-Y-Z goniometer to 
hold the optical fiber and a filter wheel for placing neutral density (ND) filters. An ND 50 filter (OD 5) was used in this 
experiment. A fused silica fiber lens was placed in front of the optical fiber. It was adjusted such that the individual fibers 
from the fiber bundle could be imaged with an overall diameter of 10” on the target surface using a halogen lamp source at 
the output end. The distance from the optical fiber input to the surface of the DebriSat target was 13.5 feet. This gave a field 
of view of 3.5 degrees and a solid angle of 0.7 x 10-6 SR. 
3. Results 
The expansion speed of the plume could be calculated from frames of the high-speed video taken at 64000 fps, with a 
corresponding frame interval of 15.62 Ps. From the individual frames (Fig. 2), the average diameter of the plume could be 
mapped as a function of time (within the time resolution of the camera).  This plot was fitted with a polynomial of second 
degree (Fig. 3a):  
Y = -0.0016X2 + 0.9541X +17.4128               (1)  
where Y is the diameter in cm and X is time in Ps. The corresponding radius is:                      
r (t) = -0.0008t2 + 0.047705t + 8.7065                (2) 
Upon differentiation, the above equation yields the radial expansion speed as a function of time (Fig. 3b). 
An analysis of the first several frames of the DebriSat flash shows that as the average diameter of the plume increases 
(Fig. 3a), the rate of expansion of the plume slows down from 9500 m/s at t = 0 to 4500 m/s at 156 Ps (Fig. 3b). The 
corresponding radial expansion, decreasing from 4750 m/s at t = 0 to 2250 m/s at t = 156 Ps.  We interpret that the slowing 
down is caused by a combination of effects that include cooling from expansion, a decrease in the internal pressure of the 
plume, and also possibly an increase in the external pressure from the hydrogen gas used to accelerate the projectile. Due to 
the vacuum present in space (a0.06 Pa at 100 km), we would not expect the same effects in an actual satellite collision. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig.2. A few individual video frames starting upon impact of the DebriSat (at time t = 0), showing the expansion of the plasma plume (selected from high-
speed video, courtesy NASA JSC). 
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(a)                                                                                                                   (b)       
Fig. 3 (a) Plume diameter plotted as a function of time (b) radial expansion speed of plume plotted as a function of time. 
In addition to measuring the expansion speed of the plume, one can also calculate the slowing down of the projectile 
after it impacts the target using simple momentum conservation laws for sequential impacts. It is assumed that the volume 
of the target impacted is the cross-section times the thickness of the satellite materials impacted of the projectile.  
Corresponding masses are deduced from known material densities. For an initial projectile mass m1 of 570 g travelling at a 
velocity v1 of 6.8 km/s, upon first impact on a 0.5” thick Al honeycomb with a density of 0.12 g/cm3, a corresponding mass 
m2 of 8.85 g, and a velocity v2 of 0 km/s, the combined mass is 579 g and has a velocity of 6696 m/s. This combined mass 
then creates a second impact on the next surface, namely 0.5” thick stainless steel with a density of 7.99 g/cm3, and mass m3 
of 589 g, giving rise to a new combined mass of 1168 g and a velocity v3 of 3318 m/s, which is no longer hypervelocity 
(sound speed in stainless steel is 5800 m/s [9]). This provides a rough estimate of minimum amount of slowing down of the 
projectile. Only the mass that is directly hit is considered in this calculation. In addition, the satellite as a whole will take up 
some of the momentum, and this will be an additional factor, but has not been considered here.  
Time resolved atomic emission lines were measured from the single shot hypervelocity impact on DebriSat (Fig. 4). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Time-resolved spectra in the microsecond time regime showing rise and decay of observed lines 
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Emission lines were measured with 10 Ps integration times for up to 560 Ps. As early as Frame 1 (0-10 Ps), the rise and 
decay of emission lines could be observed. Several of these lines have been identified, however, while the use of a 150 
groove/mm grating allowed a wide spectral bandwidth to be measured, this was at the expense of spectral resolution, which 
was + 1 nm.  This precluded unequivocal line assignments. Spectral assignments were made by selecting the most likely 
candidates from the list of materials present in DebriSat and based on their oscillator strengths [10, 11]. The most probable 
spectral line assignments include neutrals Fe I, Cr I, Al I, Cu I, Ti I, Mg I, Ca I, Ni I, V I, Si I, and the singly-charged Al II. 
Lines observed at different times are tabulated below in Table 1.  
 
 
   
  
 
   Table 1 Spectral line assignments of time-resolved spectra with most likely candidates; spectral lines appearing for the first time are shown in bold. 
 
The transitions associated with emission lines for neutral Al I (394.4 nm) and Fe I (540.4 nm) involve excitation 
energies of 3.14 and 6.73 eV respectively, to their associated upper states [10,11]. Also, the first ionization potential for Al 
(Al I to Al II) is 5.98 eV [11]. This provides a rough estimate of the range of energies in the impact plume. Although the 
emission appears to be predominantly from neutral atomic lines, there are lines at 405.3 nm and at 561.3 nm, appearing in 
the first 10 Ps, which match emission lines from Al II, hence Al II cannot be ruled out. The Al I (394.1 nm) emission, 
however, was seen at later times (a100 μs), which was somewhat surprising; this delayed emission could be due to rapid 
initial ionization of Al.  An additional factor could be that because the first impact site, which was the outer skin of the 
satellite, comprised low-density Al honeycomb rather than solid Al, the resulting Al concentrations were low. Additional 
emission lines that appeared at significantly later times are likely originating from secondary collisions between the initially 
produced fragments.  
The integrated spectrum over all lines from 0-560 Ps is shown in Fig. 5(a).  A corresponding spectrum following 
background subtraction is shown in Fig. 5(b). Here some broad underlying emissions attributable to molecular emission 
bands can be seen. The region 475 nm - 495 nm is very likely due to vibrational progressions in molecular aluminum oxide 
(AlO) emission bands corresponding to the electronic transition B 26+ - X 26+ [12]. Formation of AlO is specific to this 
ground test and not unexpected, due to possible reaction between aluminum present in the projectile or the satellite structure 
and the 2 Torr of air in the satellite. Additional molecular bands are observed between 450 nm and 570 nm, which coincide 
with the Swan band system; these bands are due to vibrational transitions in the A 33g - X 33u electronic states of the C2 
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molecule [12]. These Swan bands have also been observed by others during impacts [13, 14], and also during laser ablation 
of graphitic targets in vacuum, oxygen, and argon [15]. Sources for C2 in this experiment are the nylon projectile, the carbon 
fiber composite in the face panels of the satellite, and the polymers present in multilayer insulation on the exterior of the 
satellite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a)        (b) 
 
 
Fig. 5 (a) Integration of all spectral lines from 0 to 560 μs (b) spectra from (a) after baseline subtraction 
 
The spectral lines are superimposed on a background that can be fit with the Planck function to a blackbody 
temperature of ~ 2900 K.  A representative fit for the background at time t = 0 is shown in Fig. 6(a), and a plot of blackbody 
temperatures derived similarly for several spectra at different times is shown in Fig. 6(b). This background blackbody 
radiation is likely due to boiling mixed metal particles at different temperatures that are produced during impact, such as Fe 
(b.p. 3100 K) and/or Al (b.p. 2700 K) [16]. The calculation of a plasma temperature (typically significantly higher) from the 
spectral line intensities is not reported here because of complications due to overlapping spectral line assignments resulting 
from the low-resolution grating. 
 
   
(a)                                                                                                    (b) 
Fig. 6 (a) Baseline of integrated spectra (0-560 Ps) fit to a background temperature using a Planck function; (b) plot of background temperatures obtained 
by fitting select individual spectral frames as a function of their respective times, up to 2 ms. 
The spectral line identifications show a correlation with the list of materials used in structures that were in the “bay” of 
the DebriSat that was impacted (Fig. 7). The list of items and materials in Bay 3 is provided in Table 2.  The central section 
of this bay had stainless steel solenoids, as well as stainless steel fasteners and plumbing. The plumbing included stainless 
fittings and tubing that was both bare stainless, as well as encased in stainless mesh. Hence is very likely that these stainless 
steel surfaces were the some of the first solid surfaces impacted, which is consistent with the predominance of Fe/Cr in the 
spectra.  
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Component                                      Materials 
 
Solenoids                           Stainless Steel 316, Copper 
Spectrometer                     Al 6061-T6, Titanium, Al 5052 Honeycomb   
M46J Carbon Fiber, Optical glass 
Li-ion Battery Box            Al 6061-T6, Al 3-series, Copper, High-
density Polyethylene (HDPE) 
  Telemetry Avionics           Al 6061-T6, PCB 
Sun Sensor                         Al 6061-T6, PCB, Optical Sapphire (Al2O3) 
Thrusters                            Al 6061-T6, Stainless Steel 316, Copper 
 
 
Fig. 7 Photo of Bay 3 (courtesy U of Florida);  Table 2 Components and their respective materials in Bay 3 of the DebriSat that was impacted.  
red box is drawn around SS components  
in region of impact.    
 
4. Conclusions 
This work has provided time-resolved spectroscopic data from the plasma flash resulting from a unique hypervelocity 
impact of a complex satellite structure by a projectile in a ground test. Mostly atomic emission lines, Fe I, Al I, Cr I, Mg I, 
Ca I, V I, and Ni I, Si I, possibly singly ionized aluminum, Al II, and some molecular emission features (AlO and C2) were 
identified from the extremely intense plasma flash and provided critical chemical signatures of the materials that were 
impacted. There were however, unresolved overlapping atomic emission lines. This technique can be very valuable for 
identifying materials that are impacted in space by collisions. Video images provide information regarding the expansion 
rate of the plasma, however, the effects would be quite different in vacuum conditions of space. An experimental database 
can be created through controlled laboratory experiments to provide an understanding of plasma formation, vaporization, 
ionization, condensation, and plasma and background temperatures. Experimental data can then be correlated to different 
model predictions about such effects. 
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